Yue HY, Fujita T, Kumamoto E. Biphasic modulation by galanin of excitatory synaptic transmission in substantia gelatinosa neurons of adult rat spinal cord slices. though intrathecally administrated galanin modulates nociceptive transmission in a biphasic manner, this has not been fully examined previously. In the present study, the action of galanin on synaptic transmission in the substantia gelatinosa (SG) neurons of adult rat spinal cord slices was examined, using the whole cell patch-clamp technique. Galanin concentration-dependently increased the frequency of spontaneous excitatory postsynaptic current (EPSC; EC 50 ϭ 2.0 nM) without changing the amplitude, indicating a presynaptic effect. This effect was reduced in a Ca 2ϩ -free, or voltage-gated Ca 2ϩ channel blocker La 3ϩ -containing Krebs solution and was produced by a galanin type-2/3 receptor (GalR2/R3) agonist, galanin 2-11, but not by a galanin type-1 receptor (GalR1) agonist, M617. Galanin also concentration-dependently produced an outward current at Ϫ70 mV (EC 50 ϭ 44 nM), although this appeared to be contaminated by a small inward current. This outward current was mimicked by M617, but not by galanin 2-11. Moreover, galanin reduced monosynaptic A␦-fiber-and C-fiber-evoked EPSC amplitude; the former reduction was larger than the latter. A similar action was produced by galanin 2-11, but not by M617. Spontaneous and focally evoked inhibitory (GABAergic and glycinergic) transmission was unaffected by galanin. These findings indicate that galanin at lower concentrations enhances the spontaneous release of L-glutamate from nerve terminals by Ca 2ϩ entry from the external solution following GalR2/R3 activation, whereas galanin at higher concentrations also produces a membrane hyperpolarization by activating GalR1. Moreover, galanin reduces L-glutamate release onto SG neurons from primary afferent fibers by activating GalR2/R3. These effects could partially contribute to the behavioral effect of galanin.
dorsal root ganglion (DRG) and the spinal dorsal horn (Brumovsky et al. 2006; Ch'ng et al. 1985; Kerekes et al. 2003; Landry et al. 2006; O'Donnell et al. 1999; Skofitsch and Jacobowitz 1985; Waters and Krause 2000) . Second, intrathecally administrated galanin modulates nociceptive responses in rats (Cridland and Henry 1988; Kuraishi et al. 1991; Liu et al. 2001; Wiesenfeld-Hallin et al. 1989 ). Third, the expression of galanin is upregulated in DRG neurons after nerve injury and in dorsal horn neurons after inflammation (Lang et al. 2007; Liu and Hökfelt 2002) . For instance, peripheral inflammation induced by the injection of carrageenan into the hindpaw of rats results in an increase in the number of galanin mRNApositive neurons in the superficial dorsal horn (Ji et al. 1995) . Fourth, transgenic mice overexpressing galanin in a population of DRG neurons exhibit nociceptive responses different from those of wild-type controls (Holmes et al. 2003) . Although behavioral experiments have demonstrated that the intrathecal administration of galanin produces such a biphasic effect, as nociception at low doses and antinociception at high doses (Liu et al. 2001; Wiesenfeld-Hallin et al. 1989) , cellular mechanisms for this result have not yet been fully elucidated.
The substantia gelatinosa (SG; lamina II of Rexed) of the spinal dorsal horn is thought to play an important role in regulating nociceptive transmission from the periphery to the CNS (Willis and Coggeshall 1991) . There is much evidence to support this idea. For instance, endogenous analgesics, such as opioids, nociceptin, norepinephrine and adenosine, which exhibit antinociception when administrated intrathecally, hyperpolarize membranes of SG neurons. They also reduce the release of L-glutamate onto SG neurons from nerve terminals, both of which result in reducing the excitability of SG neurons (Fujita and Kumamoto 2006; Kawasaki et al. 2003; Kohno et al. 1999; Lao et al. 2001 Lao et al. , 2004 Li and Perl 1994; Liebel et al. 1997; Liu et al. 2004; Luo et al. 2001 Luo et al. , 2002b North and Yoshimura 1984; Wu et al. 2003; Yoshimura and North 1983) . The SG neurons receive not only glutamatergic excitatory synaptic transmission but also (GABAergic and glycinergic) inhibitory synaptic transmission (Willis and Coggeshall 1991) , the modulation of which may also play a role in regulating nociceptive transmission (Coull et al. 2003; Moore et al. 2002;  for review see Kohno 2007) . Although Alier et al. (2008) have reported that GalR1 and GalR2 activation have an effect on excitatory transmission in SG neurons of young adult rats, how galanin itself acts on excitatory transmission in SG neurons has not been examined. Furthermore, the concentration dependency for this action and whether galanin affects inhibitory transmission in SG neurons have not been investigated. Alier et al. (2008) have also found that galanin inhibits excitatory transmission evoked by stimulating the dorsal root entry zone.
However, it has not been revealed whether there is a difference in galanin action among excitatory transmissions mediated by different types of primary afferent fibers contained in the dorsal root. To learn the role of galanin in regulating nociceptive transmission, we investigated its effect on excitatory and inhibitory synaptic transmission in the SG neurons of adult rat spinal cord slices by using the blind whole cell patch-clamp technique. Furthermore, we examined the effect of galanin on monosynaptic excitatory transmission evoked in SG neurons by stimulating primary afferent A␦-and C-fibers.
METHODS
All animal experiments were approved by the Animal Care and Use Committee of Saga University.
Slice preparation. Adult rat spinal cord slice preparations were obtained in a manner similar to that described previously (Fujita et al. 2009; Fujita and Kumamoto 2006; Yue et al. 2005) . In brief, adult male Sprague-Dawley rats (6 -8 wk old, 200 -300 g) were anesthetized with urethane (1.5 g/kg body wt ip), and a laminectomy was performed to extract a lumbosacral spinal cord enlargement (L1-S3). The spinal cord was carefully removed in a manner such that blood did not have a detrimental effect on the tissue and was then quickly immersed in ice-cold (1-3°C) Krebs solution (in mM: 117 NaCl, 3.6 KCl, 1.2 CaCl 2 , 1.2 NaH 2 PO 4 , 1.2 MgCl 2 , 25 NaHCO 3 , and 11 glucose) bubbled with 95% O 2 -5% CO 2 . Rats were killed by exsanguination. A transverse slice (650 -700 m thick) without or with a dorsal root was cut using a microslicer (DTK-1000; Dousaka, Kyoto, Japan) in oxygenated ice-cold Krebs solution. The slice was placed on a nylon mesh in the recording chamber (volume: 0.5 ml), perfused at a rate of 10 -15 ml/min with Krebs solution bubbled with 95% O 2 -5% CO 2 , and maintained at 36 Ϯ 1°C. The Krebs solution contained (in mM) 117 NaCl, 3.6 KCl, 2.5 CaCl 2 , 1.2 MgCl 2 , 1.2 NaH 2 PO 4 , 25 NaHCO 3 , and 11 glucose (pH 7.4 when saturated with the gas).
Whole cell voltage-clamp recordings. The SG was identified as a translucent band under a binocular microscope with light transmitted from below, as shown previously (Fujita et al. 2009; Fujita and Kumamoto 2006; Yue et al. 2005) . Blind whole cell voltage-clamp recordings were performed from neurons located at the center of SG to avoid recordings from the laminae I and III neurons. Patch pipettes were fabricated from thin-walled, fiber-filled capillaries (1.5 mm outer diameter) and contained one of the following solutions (in mM): 135 K-gluconate, 5 KCl, 0.5 CaCl 2 , 2 MgCl 2 , 5 EGTA, 5 HEPES, and 5 Mg-ATP; or 110 Cs 2 SO 4 , 0.5 CaCl 2 , 2 MgCl 2 , 5 EGTA, 5 HEPES, 5 Mg-ATP, and 5 tetraethylammonium (TEA)-Cl (pH 7.2). The former and latter solutions were used to record excitatory (EPSCs) and inhibitory postsynaptic currents (IPSCs), respectively. The patch pipettes had a resistance of 8 -18 M⍀. Although the patch-pipette solution did not include GTP, we have not noted a rundown of G protein-coupled receptors, such as GalRs, as has been seen for opioid receptor-like-1, adenosine A 1 , and -opioid receptors (Fujita and Kumamoto 2006; Liu et al. 2004; Luo et al. 2001) . This is possibly due to a very high patch-pipette resistance, therefore preventing washout of the intracellular GTP during the whole cell mode. EPSCs were recorded at a holding potential (V H ) of Ϫ70 mV, where no IPSCs were observed, since the reversal potential for IPSCs was near Ϫ70 mV. On the other hand, IPSCs were observed at a V H of 0 mV, where EPSCs were invisible, since the reversal potential for EPSCs was close to 0 mV. Cs ϩ and TEA were added to inhibit K ϩ channels located in the recorded SG neurons and thus to easily shift V H to 0 mV from resting membrane potentials.
A␦-and C-fiber-evoked EPSCs were elicited by stimulating the dorsal root, as mentioned previously Fujita et al. 2009; Lao et al. 2004; Luo et al. 2002b; Nakatsuka et al. 2000) . In brief, the stimulation was performed by using a suction electrode with a constant current source of pulse at a frequency of 0.1 Hz, unless otherwise mentioned. The strength of the stimuli (duration: 0.1 ms) used was 1.2 times the threshold to elicit EPSCs, given the fear of a conduction block of action potentials in the dorsal root. These evoked EPSCs were sufficiently distinguished from each other, based on minimal stimulus strength, to elicit the EPSCs and a latency of the EPSCs; C-fiber EPSCs required much larger stimulus intensity for the activation than A␦-fiber EPSCs and had a longer latency than A␦-fiber EPSCs. A␦-fiber EPSCs were judged to be monosynaptic when the latency remained constant and there was no failure during stimulation at 20 Hz for 1 s, whereas C-fiber EPSCs were monosynaptic when failures did not occur during repetitive stimulation at 1 Hz for 20 s, as shown previously Fujita et al. 2009; Nakatsuka et al. 2000) . The latter identification was based on the properties of the C-fiber action potentials examined by applying the sharp glass microelectrode technique to rat DRG neurons, with a repeated stimulation at 1 Hz for 20 s. The C-fiber action potential latency had a tendency to be variable, although there was no failure (see Ataka et al. 2000) . Conduction velocities (CVs) of the afferent fibers were calculated from the latency of monosynaptic EPSC and the length of the dorsal root (see Ataka et al. 2000; Fujita et al. 2009; Nakatsuka et al. 2000) .
Focally evoked IPSCs were triggered at 0.1 Hz by stimulating SG neurons with rectangular pulses (duration: 0.1 ms) by using an extracellular monopolar silver wire electrode (50 m in diameter; isolated except for the tip) located within 150 m of the recorded neurons, as shown previously (Kohno et al. 1999; Luo et al. 2002b; Yang et al. 2004) . The intensities of the stimuli to evoke IPSCs, monitored with a digitized output isolator, were in a range of 1-10 mA.
Signals were acquired using an EPC-7 amplifier (HEKA, Lambrecht, Germany). The currents obtained in the voltage-clamp mode were low-pass filtered at 3 kHz and digitized at 333 kHz with an analog-to-digital converter (Digidata 1200; Molecular Devices, Sunnyvale, CA). The data were stored and analyzed with a personal computer using pCLAMP version 9.2 software (Molecular Devices). The program (AxoGraph 4.0; Molecular Devices) used for analyzing the spontaneous EPSCs and IPSCs (sEPSCs and sIPSCs) detects spontaneous events if the difference between the baseline and a following current value exceeds a given threshold of 5 pA and separating valleys are Ͻ50% of the adjacent peaks.
Application of drugs. Drugs were applied by perfusing a solution containing the drugs of a known concentration without an alteration in the perfusion rate and temperature. The solution in the recording chamber, with a volume of 0.5 ml, was completely replaced within 15 s. The drugs used were galanin (Peptide Institute, Osaka, Japan), bicuculline methiodide, tetrodotoxin (TTX; Wako, Osaka, Japan), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), DL-2-amino-5-phosphonovaleric acid (APV; Tocris Cookson, Bristol, UK), strychnine nitrate, and galanin 2-11 (Sigma, St. Louis, MO). Galanin(1-13)-Gln 14 -bradykinin(3-9)amide (M617) was a kind gift from Dr. Ulla Sollenberg (Department of Neurochemistry, Stockholm University, Stockholm, Sweden). These drugs (except for CNQX, for which dimethyl sulfoxide was used as solvent) were first dissolved in distilled water at 1,000 times the concentration to be used and then stored at Ϫ20°C. The stock solution was diluted to the desired concentration in Krebs solution immediately before use. The tonicity of the nominally Ca 2ϩ -free, high-Mg 2ϩ (5 mM) Krebs solution was adjusted by lowering the Na ϩ concentration of the Krebs solution.
Statistical analysis. Numerical data are means Ϯ SE. Statistical significance was determined as P Ͻ 0.05 using paired Student's t-test (unless otherwise noted). In all cases, n refers to the number of neurons studied. vitro for more than 12 h, and recordings could be made from single SG neurons for up to 4 h. All SG neurons tested had resting membrane potentials that were more negative than Ϫ55 mV (when measured in a current-clamp mode) and exhibited glutamatergic sEPSCs and GABAergic and glycinergic sIPSCs, as shown previously (see Fujita et al. 2009; Fujita and Kumamoto 2006; Lao et al. 2001; Liu et al. 2008; Luo et al. 2002b; Yang et al. 2004; Yue et al. 2005) . These sEPSCs and sIPSCs were not significantly affected in both frequency and amplitude by the voltage-gated Na ϩ channel blocker TTX (0.5 M), as reported previously (Fujita et al. 2009; Liu et al. 2008; Luo et al. 2002b; Yue et al. 2005) . This indicated that all of them occurred without the propagation of spikes from cell soma, whose neuron is presynaptic to SG neurons, to the terminals, resulting in spontaneous releases.
Effects of galanin on spontaneous excitatory synaptic transmission. Galanin (0.03 M), which was superfused for 2 min, gradually increased the frequency of sEPSC with no change in its amplitude at Ϫ70 mV in a SG neuron. This increase subsided within 5 min after washout (Fig. 1, A and B) . This neuron was not accompanied by a change in the holding current. Some neurons exhibited a small change in holding currents (see below), where sEPSC frequency and amplitude were not analyzed. Figure 1C demonstrates cumulative distributions of the amplitude and inter-event interval of sEPSC in the control and under the effect of galanin. Galanin significantly increased the proportion of sEPSCs having a shorter inter-event interval without a change in the distribution of sEPSC amplitude. This effect on cumulative distributions was confirmed in three other neurons. The effect of galanin on excitatory transmission was quantitatively analyzed for 0.5 min around 3 min after the beginning of galanin superfusion, when the sEPSC frequency was maximally increased (see Fig. 1B ). In 83% (n ϭ 20) of the neurons examined (n ϭ 24), sEPSC frequency increased by over 5%; this value was 166 Ϯ 13% (P Ͻ 0.001) of control (7.1 Ϯ 1.2 Hz). The remaining four neurons exhibited a change of Ͻ5% in sEPSC frequency. The sEPSC amplitude was not affected by galanin [101 Ϯ 1%, n ϭ 24, (P Ͼ 0.05) of control (8.5 Ϯ 0.5 pA)]. When galanin was superfused for a long time, such as 5 min, the galanin-induced sEPSC frequency increase attained a maximal effect around 3 min after the beginning of its superfusion and then declined with time (data not shown). The maximal effect of galanin averaged to be 166 Ϯ 11% (n ϭ 5; P Ͻ 0.05) of control (5.4 Ϯ 1.2 Hz). This percentage value was not different from that (166 Ϯ 13%, n ϭ 20; see above) obtained by 2 min of superfusion (P Ͼ 0.05; unpaired t-test). sEPSC frequency around 4.5 min after the beginning of galanin superfusion was 124 Ϯ 10% (n ϭ 5) of control. This was significantly smaller than that of the maximal effect in the same neuron (P Ͻ 0.05).
Next, we examined the effect of a repeated application of galanin (0.03 M) on the spontaneous excitatory transmission in the same neuron. When galanin was once again applied 30 min after its washout, the effect of the second application of galanin on the excitatory transmission was smaller than that of the first application. The sEPSC frequency and amplitude around 3 min after the beginning of galanin superfusion were, respectively, 183 Ϯ 27 and 101 Ϯ 2% of control (4.0 Ϯ 1.1 Hz and 9.8 Ϯ 2.2 pA, n ϭ 4) in the first application, whereas those in its second application were, respectively, 129 Ϯ 10 and 99 Ϯ 1% of control. The second sEPSC frequency increase was significantly smaller than the first one (P Ͻ 0.05). Therefore, when galanin was repeatedly superfused in the same spinal cord slice, time intervals between the applications were Ͼ2 h, unless otherwise mentioned. Figure 2A illustrates the effect on excitatory transmission of galanin in a concentration range of 0.003-0.3 M, which was examined in different neurons. With an increase in galanin concentrations, its facilitatory effect on the sEPSC frequency became larger in extent. There was a tendency for the galanin-induced sEPSC frequency increase to become fast in the onset, with an increase in Fig. 1 . Galanin (0.03 M) reversibly increased the frequency of spontaneous excitatory postsynaptic current (sEPSC) without a change in amplitude in substantia gelatinosa (SG) neurons. A: chart recording of sEPSCs in the absence and presence of galanin. Four consecutive traces of sEPSCs for a period indicated by the short bar below the chart recording are shown in an expanded scale in time. B: time courses of changes in sEPSC frequency and amplitude during the action of galanin, relative to control (20.2 Hz and 10.7 pA, respectively). Each of these values was measured every 0.5 min. C: cumulative histograms of the inter-event interval and amplitude of sEPSC in the control and under the action of galanin. The histograms were measured for 0.5 min in the control and 3 min after the beginning of galanin superfusion (605 and 1,057 sEPSC events, respectively). Holding potential (V H ) ϭ Ϫ70 mV. concentration, although this was not analyzed quantitatively. Figure 2B demonstrates the concentration-response relationships for sEPSC frequency and amplitude changes produced by galanin in a range of 0.0003-1 M. Neurons exhibiting a sEPSC frequency increase of larger than 5% were arbitrarily considered to be sensitive to galanin, and only the data obtained from the galanin-sensitive neurons were plotted, because there is anatomic evidence that some but not all glutamatergic spinal dorsal horn and DRG neurons presynaptic to SG neurons express GalRs in the rat (Kerekes et al. 2003; Landry et al. 2006 ). The Hill equation indicated that an effective concentration producing a half-maximal response (EC 50 ) in increasing sEPSC frequency was 2.0 nM.
In the presence of TTX (0.5 M), galanin (0.03 M) was also effective in enhancing the sEPSC frequency with an extent Ͼ5% in 12 of 14 neurons tested. The sEPSC frequency around 3 min after the beginning of galanin superfusion in the presence of TTX was 161 Ϯ 29% (n ϭ 12; P Ͻ 0.05) of that (6.9 Ϯ 1.6 Hz) before its superfusion. This percentage value was not significantly different from that (166 Ϯ 13%, n ϭ 20; see above) in the absence of TTX (P Ͼ 0.05; unpaired t-test). In these experiments, galanin did not affect the sEPSC amplitude [103 Ϯ 2%, n ϭ 14 (P Ͼ 0.05) of that (7.7 Ϯ 0.5 pA) before its superfusion].
Since the spontaneous release of L-glutamate from nerve terminals requires intraterminal Ca 2ϩ , the mobilization of which may be affected by GalR activation, we examined the involvement of Ca 2ϩ in the sEPSC frequency increase produced by galanin (0.03 M). Superfusing nominally Ca 2ϩfree, high-Mg 2ϩ (5 mM) Krebs solution itself reduced the sEPSC frequency, as observed in the superficial spinal dorsal horn (Hori et al. 1992; Yue et al. 2005) . sEPSC frequency and amplitude in the Ca 2ϩ -free Krebs solution were, respectively, 86 Ϯ 2% (P Ͻ 0.01) and 100 Ϯ 1% (P Ͼ 0.05) of those (10.9 Ϯ 2.2 Hz and 10.9 Ϯ 0.5 pA, n ϭ 10) in normal Krebs solution. This result suggests that presynaptic Ca 2ϩ channels are partially open at the resting state, resulting in a tonic Ca 2ϩ entry in the nerve terminals. In all neurons examined (n ϭ 10), the sEPSC frequency in the absence of Ca 2ϩ was not increased by galanin (0.03 M), as shown in Fig. 3A . The sEPSC frequency and amplitude around 3 min after the beginning of galanin superfusion were, respectively, 102 Ϯ 3% (n ϭ 10; A: chart recordings of sEPSCs in the absence and presence of galanin at 0.003, 0.03, and 0.3 M; each of the recordings was obtained from a different neuron. B: sEPSC frequency and amplitude around 3 min after the beginning of superfusion of galanin at various concentrations, relative to control, in neurons (the numbers of which are denoted in parentheses) exhibiting sEPSC frequency increase of Ͼ5% by galanin (control frequency and amplitude: 7.1 Ϯ 0.8 Hz, and 9.0 Ϯ 0.4 pA, respectively; n ϭ 54). Neurons exhibiting this change were arbitrarily considered to be responsive to galanin. Neurons sensitive to galanin at 0.0003, 0.001, 0.003, 0.01, 0.03, 0.1, 0.3, and 1 M were, respectively, 0, 30, 45, 71, 83, 75, 73 , and 50% of the neurons examined (n ϭ 8, 10, 11, 7, 24, 16, 11, and 2, respectively) . The concentration-response curve for the sEPSC frequency change was drawn according to the Hill equation (EC 50 ϭ 2.0 nM, Hill coefficient ϭ 1.6). Such an analysis of sEPSC frequency and amplitude was performed in SG neurons having no change in holding currents by galanin. Error bars indicate SE. V H ϭ Ϫ70 mV. P Ͼ 0.05) and 99 Ϯ 1% (n ϭ 10; P Ͼ 0.05) of those before its superfusion. This finding indicates that the galanin effect may be due to an increase in the intraterminal Ca 2ϩ concentration originating from extracellular Ca 2ϩ . In the Ca 2ϩ -free solution, galanin did not change the holding currents in any neurons examined.
To determine whether the voltage-gated Ca 2ϩ channels in the plasma membrane are involved in the galanin effect, we additionally examined the effect of the voltage-gated Ca 2ϩ channel blocker La 3ϩ (30 M) on the sEPSC frequency increase produced by galanin. La 3ϩ by itself decreased the sEPSC frequency by a small extent. The sEPSC frequency and the amplitude in La 3ϩ -containing Krebs solution were, respectively, 88 Ϯ 3% (P Ͻ 0.05) and 100 Ϯ 1% (P Ͼ 0.05) of those (7.7 Ϯ 1.5 Hz and 10.5 Ϯ 0.5 pA, n ϭ 9) in normal Krebs solution. As shown in Fig. 3B , galanin failed to increase the sEPSC frequency in the presence of La 3ϩ . The sEPSC frequency and amplitude around 3 min after the beginning of galanin superfusion were, respectively, 102 Ϯ 2% (n ϭ 9; P Ͼ 0.05) and 99 Ϯ 1% (n ϭ 9; P Ͼ 0.05) of those before its superfusion. In the presence of La 3ϩ , galanin did not change the holding currents in any neurons examined, except for one neuron where an outward current having the peak amplitude of 4.2 pA was produced.
Effects of galanin on holding currents. Superfusing galanin for 2 min produced a change of larger than 2 pA in the holding currents at Ϫ70 mV in many of the SG neurons examined. Neurons exhibiting such a change were arbitrarily considered to be responsive to galanin, because there is anatomic evidence that some but not all spinal superficial dorsal horn neurons express GalRs in the rat (Landry et al. 2006 ). Galanin at concentrations higher than 0.1 M produced an outward or inward current in Ͼ50% of the neurons examined. Inward currents were exhibited at 0.01, 0.03, 0.1, 0.3, and 1 M, respectively, in 11, 3, 12, 4, and 13% of the neurons examined (n ϭ 9, 29, 33, 24 and 8, respectively). Their peak amplitudes were 4.6 (n ϭ 1), 2.4 (n ϭ 1), 5.4 Ϯ 1.8 (n ϭ 4), 3.4 (n ϭ 1), and 3.3 pA (n ϭ 1), respectively. When tested at 0.3 M, a mixture of the inward and outward currents was also observed (data not shown). A proportion of neurons exhibiting the outward current increased with an increase in galanin concentrations in a range of 0.01-1 M. When examined in a concentration range of 0.03-1 M, the outward current produced by galanin was enhanced in amplitude with increasing concentrations, as shown in Fig. 4A . There was a tendency for the galanin-induced outward current to become fast in the onset with an increase in concentration, although this was not analyzed quantitatively. Figure 4B demonstrates a concentrationresponse curve for the outward current. Analyses of the curve, based on the Hill plot, gave an EC 50 value of 44 nM. When galanin (0.3 M) was superfused for a long time, such as 5 min, an outward current produced by this peptide persisted during its superfusion (data not shown; n ϭ 3). The amplitude of the outward current at a steady state was 8.7 Ϯ 0.4 pA (n ϭ 3). This value was not different from that (9.8 Ϯ 2.2 pA, n ϭ 11; see Fig. 4B ) obtained by 2 min of superfusion (P Ͼ 0.05; unpaired t-test).
The outward current produced by galanin (0.3 M) persisted in the Krebs solution containing TTX (0.5 M; data not shown). In the presence of TTX, galanin produced an outward current having a peak amplitude of 9.0 Ϯ 2.3 pA (n ϭ 5) in 42% of the neurons (n ϭ 12) tested. This amplitude value was not different from that (9.8 Ϯ 2.2 pA, n ϭ 11; see Fig. 4B ) in the absence of TTX (P Ͼ 0.05; unpaired t-test). A repeated application of galanin (0.1-1 M), at an interval of 30 min, produced outward currents having comparable peak amplitudes (data not shown). The ratio of the peak amplitude of outward current produced by the second application of galanin to that of the first application was 1.01 Ϯ 0.04 (n ϭ 4), a value not significantly different from one (P Ͼ 0.05).
Effects of galanin on monosynaptically evoked excitatory synaptic transmission through primary afferent fibers. Stimulating the dorsal root with strength of more than 20 A (sufficient to recruit A␦-fibers) elicited monosynaptic glutamatergic EPSCs in some neurons, which displayed no failure and no change in latency when examined at 20 Hz (see Fig. 5Aa ; see Ataka et al. 2000; Fujita et al. 2009; Kawasaki et al. 2003; Lao et al. 2004) . CV values estimated from the latency of the Fig. 4 . Outward current produced by galanin was concentration dependent. A: outward currents produced by galanin at 0.03, 0.3 and 1 M; each recording was obtained from a different neuron. The dashed line in the chart recordings denotes holding current level before drug superfusion. B: peak amplitudes of the outward currents produced by galanin at various concentrations, plotted against the galanin concentration; the SE of values without an error bar was within the size of symbol. Data points were obtained from neurons (the numbers of which are denoted in parentheses) having a peak amplitude of Ͼ2 pA that were arbitrarily considered to be sensitive to galanin with an outward current. Such neurons responsive to galanin at 0.0003, 0.001, 0.003, 0.01, 0.03, 0.1, 0.3, and 1 M were, respectively, 0, 0, 0, 11, 14, 39, 46, and 63% of the neurons examined (n ϭ 8, 10, 11, 9, 29, 33, 24, and 8, respectively) . The concentration-response curve for the outward current was drawn according to the Hill equation (EC 50 ϭ 44 nM, Hill coefficient ϭ 1.1). V H ϭ Ϫ70 mV. monosynaptic EPSC were averaged to be 5.4 Ϯ 0.4 m/s (2.9 -9.5 m/s, n ϭ 30). This was within the range of those of A␦-fibers, as reported previously Fujita et al. 2009; Kawasaki et al. 2003; Lao et al. 2004) . Monosynaptic A␦-fiber EPSCs evoked at 0.1 Hz had a mean amplitude of 89.3 Ϯ 18.8 pA (n ϭ 30). On the other hand, stimuli with a strength larger than 210 A (enough to activate C-fibers) evoked monosynaptic glutamatergic EPSCs in some neurons, which had no failures, albeit there was a variety in the latency when tested at 1 Hz (see Fig. 5Ab ; see Ataka et al. 2000; Fujita et al. 2009; Kawasaki et al. 2003; Lao et al. 2004) . Primary afferent fibers involved in the monosynaptic EPSCs had an average CV of 0.7 Ϯ 0.1 m/s (0.5-0.9 m/s, n ϭ 18), with values comparable to those of C-fibers Fujita et al. 2009; Kawasaki et al. 2003; Lao et al. 2004 ). Monosynaptic C-fiber EPSCs evoked at 0.1 Hz had a mean amplitude of 89.5 Ϯ 15.5 pA (n ϭ 18). Some SG neurons exhibited both monosynaptic A␦-fiber and C-fiber EPSCs (see Fig. 5Ac ). As shown in Fig. 5B, a and b , each of the monosynaptic A␦-fiber and C-fiber EPSCs were reduced in amplitude by galanin at 0.1 M, which almost maximally produced both a sEPSC frequency increase and an outward current (see Figs. 2B and 4B). There was not a change in the holding currents. Figure 5Bc demonstrates the time courses of changes in the peak amplitudes of A␦-fiber and C-fiber EPSCs following galanin superfusion, relative to control. When examined in many neurons, A␦-fiber EPSCs were more effectively inhibited in magnitude and neuronal proportion by galanin than C-fiber EPSCs, as shown in Fig. 5C . Such a difference in sensitivity to galanin between A␦-fiber and C-fiber EPSC amplitudes was also observed in a single neuron, where both of the EPSCs were elicited (see Fig. 5D ). Since galanin changed the holding currents in a manner dependent on its concentration (see above) and this change affected the EPSC amplitude, we did not examine how the reductions in A␦-fiber and C-fiber EPSC amplitudes altered with galanin concentrations.
Pharmacological properties of the effects of galanin on excitatory synaptic transmission. Next, we examined the types of GalRs that are involved in the sEPSC frequency increase, the change in holding current, and the evoked EPSC amplitude decrease produced by galanin. As shown in Fig. 6Aa , the GalR2/R3 agonist galanin 2-11 (0.03 M, a concentration at which galanin maximally increased sEPSC frequency, as shown in Fig. 2B ; Liu et al. 2001 ) increased the sEPSC frequency without a change in the amplitude; they were, respectively, 180 Ϯ 18% (n ϭ 4; P Ͻ 0.05) and 100 Ϯ 1% (n ϭ 4; P Ͼ 0.05) of control (7.4 Ϯ 1.0 Hz and 15.0 Ϯ 4.8 pA) around 1.5 min after the beginning of galanin 2-11 superfusion. On the other hand, the GalR1 agonist M617 (0.03 M; see Lundström et al. 2005 ) did not affect sEPSC frequency and amplitude (see Fig. 6Ab ); they were, respectively, 102 Ϯ 2% (n ϭ 4; P Ͼ 0.05) and 100 Ϯ 1% (n ϭ 4; P Ͼ 0.05) of control (6.3 Ϯ 1.0 Hz and 14.8 Ϯ 4.6 pA) around 1.5 min after the beginning of M617 superfusion. Although this M617 effect was examined after galanin 2-11 superfusion, the sEPSC frequency and amplitude were also unaffected by M617 under the condition of no pretreatment with galanin 2-11 (data not shown); they were 98 Ϯ 2% (n ϭ 4; P Ͼ 0.05) and 99 Ϯ 1% (n ϭ 4; P Ͼ 0.05) of control, respectively.
With respect to a change in holding currents, M617 (1 M, a concentration at which galanin maximally produced the outward current; see Fig. 4B ) produced an outward current at Ϫ70 mV in 7 (70%) of 10 neurons examined (see Fig. 6B ); the peak amplitudes of the outward currents were 9.1 Ϯ 2.2 pA (n ϭ 7). On the other hand, galanin 2-11 (1 M) did not change the holding currents in any neurons examined (n ϭ 9), except for one neuron where a small outward current (3.8 pA) was induced. As shown in Fig. 6C , a neuron insensitive to galanin 2-11 responded to M617. Figure 7 demonstrates the effect of M617 or galanin 2-11 (each 0.1 M, a concentration at which galanin almost maximally increased the sEPSC frequency and produced the outward current, as shown in Figs. 2B and 4B ) on the monosynaptically evoked A␦-fiber and C-fiber excitatory transmission through the dorsal root. As shown in Fig. 7A, a and b , M617 did not affect the monosynaptic A␦-fiber and C-fiber excitatory transmission. The peak amplitudes of the A␦-fiber and C-fiber EPSCs around 4.5 min after the beginning of M617 superfusion were, respectively, 97 Ϯ 1% (n ϭ 6; P Ͼ 0.05) and 101 Ϯ 2% (n ϭ 4; P Ͼ 0.05) of control (60.8 Ϯ 9.9 pA and 48.8 Ϯ 3.6 pA, respectively). M617 did not change the holding currents. On the other hand, galanin 2-11 inhibited the monosynaptic A␦-fiber and C-fiber excitatory transmission (see Fig. 7B , a and b). The reduction (Ͼ5%) of A␦-fiber EPSC peak amplitude was seen in six of nine neurons examined, whereas that of the C-fiber EPSC was seen in three of five neurons tested. The peak amplitudes of the A␦-fiber and C-fiber EPSCs around 4.5 min after the beginning of galanin 2-11 superfusion were, Fig. 5 . Galanin (0.1 M) reduced the peak amplitude of the monosynaptically evoked A␦-fiber more effectively than the C-fiber EPSC in SG neurons. A: identification of A␦-fiber-and C-fiber-evoked EPSCs to be monosynaptic in origin. Two types of monosynaptic EPSCs were evoked at 0.1 Hz (a and b: for 1 min, left) and at higher frequencies (a: 20 Hz for 1 s, right; b: 1 Hz for 20 s, right), which are different in latency from an artifact of the stimulus. A␦-fiber and C-fiber EPSCs were distinguished from each other on the basis of the conduction velocity (CV) of afferent fibers and the stimulus threshold (a: 4.5 m/s and 54 A, respectively; b: 0.6 m/s and 450 A, respectively). The A␦ or C responses, respectively, were considered monosynaptic in origin when there were no failures and the latency remained constant during the stimulation at 20 Hz for 1 s, or when failures did not occur during the stimulation at 1 Hz for 20 s. c: Monosynaptic A␦-fiber and C-fiber EPSCs evoked in the same neuron at a stimulus strength of 330 A. Each of the records is a superimposition of 6 or 20 traces of EPSCs. B-D: action of galanin on the monosynaptically evoked A␦-fiber and C-fiber EPSCs. B: average traces of 6 consecutive A␦-fiber (a) and C-fiber EPSCs (b), measured for 1 min and stimulated at 0.1 Hz, before galanin (control, left), during the action of galanin (4.5 min after the beginning of its superfusion, middle), and 7 min after washout of galanin (right). The dashed line in the EPSC recordings denotes the control level. Bc shows the time courses of changes in peak amplitudes of the monosynaptic A␦-fiber and C-fiber EPSC under the action of galanin, relative to control; each point indicates the average of the peak amplitudes of EPSCs measured for 1 min. Data for Ba and A␦-fiber EPSC in Bc were obtained from the same neuron; the intensity of the stimuli used was 46 A, and CV ϭ 7.4 m/s. Data for Bb and C-fiber EPSC in Bc were obtained from the same neuron; the intensity of the stimuli used was 680 A, and CV ϭ 0.8 m/s. C: peak amplitudes of the monosynaptic A␦-fiber and C-fiber EPSCs around 4.5 min after the beginning of galanin superfusion, relative to control, in neurons that exhibited a change of Ͼ5% in amplitude, where there was only 1 type of either A␦-fiber or C-fiber input. Values in parentheses show the proportion of neurons sensitive to galanin. Error bars indicate SE. *P Ͻ 0.05. D: average traces of 6 consecutive A␦-fiber and C-fiber EPSCs in the absence of galanin (control; left), under the action of galanin (4.5 min after the beginning of its superfusion, middle), and 7 min after washout (right) in a neuron where both EPSCs were evoked. The intensity of the stimuli used was 330 A. V H ϭ Ϫ70 mV. respectively, 82 Ϯ 2% (n ϭ 6; P Ͻ 0.01) and 90 Ϯ 2% (n ϭ 3; P Ͻ 0.05) of control (68.8 Ϯ 16.5 and 78.8 Ϯ 23.3 pA, respectively). The A␦-fiber EPSC amplitude reduction was significantly larger than that of the C-fiber EPSC amplitude (P Ͻ 0.05; unpaired t-test). The remaining neurons did not exhibit a change in the A␦-fiber and C-fiber EPSC amplitudes; they were 96.4 Ϯ 0.2% (n ϭ 3) of control for A␦-fibers and 99 and 101% (n ϭ 2) of control for C-fibers, respectively.
Effect of galanin on inhibitory synaptic transmission. There are two types of sIPSCs mediated by either glycine or GABA A receptors, which are different in duration, in the SG neurons (Liu et al. 2008; Yang et al. 2004 ). GABAergic sIPSCs recorded in the presence of strychnine (1 M) were not altered in frequency and amplitude by galanin (0.1 M, a concentration at which galanin almost maximally affected excitatory transmission, as shown in Figs. 2B and 4B; Fig. 8Aa ). Galanin (0.1 M) also did not change the frequency and amplitude of the glycinergic sIPSCs in the presence of bicuculline (10 M; Fig. 8Ab ). Around 3 min after the beginning of galanin superfusion, the frequency and amplitude of the GABAergic sIPSC were, respectively, 98 Ϯ 2% (n ϭ 13; P Ͼ 0.05) and 100 Ϯ 1% (n ϭ 13; P Ͼ 0.05) of control (5.6 Ϯ 0.9 Hz and 10.3 Ϯ 1.1 pA, respectively). Those of the glycinergic sIPSC were, respectively, 104 Ϯ 4% (n ϭ 8; P Ͼ 0.05) and 100 Ϯ 1% (n ϭ 8; P Ͼ 0.05) of control (0.8 Ϯ 0.2 Hz and 11.8 Ϯ 1.0 pA, respectively). After a blockade of glutamatergic transmission by the addition of the non-N-methyl-D-aspartate (NMDA) receptor antagonist CNQX (10 M) and the NMDA receptor antagonist APV (50 M) to Krebs solution, local stimulation of interneurons in the SG induced IPSCs in the SG neurons (Kohno et al. 1999; Luo et al. 2002b; Yang et al. 2004 ). The evoked IPSCs, as well as sIPSCs, consisted of two components that were distinct in duration; the GABAergic evoked IPSCs had a longer duration than the glycinergic ones, as noted in Fig. 8B, a and b . Superfusing galanin (0.1 M) did not affect the peak amplitudes of the GABAergic and glycinergic evoked IPSCs (see Fig. 8B ). GABAergic and glycinergic evoked IPSC peak amplitudes were, respectively, 102 Ϯ 1% (n ϭ 5; P Ͼ 0.05) and 97 Ϯ 1% (n ϭ 5; P Ͼ 0.05) of control (61.0 Ϯ 24.2 pA and 49.7 Ϯ 7.3 pA, respectively) around 4.5 min after the beginning of galanin superfusion.
DISCUSSION
In many of the SG neurons examined, galanin increased the sEPSC frequency without a change in the sEPSC amplitude, with an EC 50 value of 2.0 nM, while producing an outward current that appeared to be contaminated by a small inward current at Ϫ70 mV. The net outward current had an EC 50 value of 44 nM. The increase in the sEPSC frequency is consistent with the observation that galanin reduces the inter-event interval of sEPSC, indicating presynaptic activity. The pre-and postsynaptic effects were unaffected by TTX, indicating a direct action of galanin. The galanin-induced outward current (hyperpolarization) has been reported in guinea pig small intestine myenteric neurons and mudpuppy parasympathetic neurons (Parsons et al. 1998; Tamura et al. 1988 ) and in rat subfornical organ neurons (Kai et al. 2006) . A depolarization produced by galanin has been shown in rat cholinergic basal forebrain neurons (Jhamandas et al. 2002) . Galanin also reduced the peak amplitudes of the monosynaptic A␦-fiber and C-fiber EPSCs evoked by stimulating the dorsal root in Ͼ70% of the SG neurons examined. This result is consistent with the observation that galanin reduces the peak amplitudes of EPSCs evoked in SG neurons by stimulating the dorsal root entry zone in young adult rats (Alier et al. 2008 ). This primary afferentevoked EPSC amplitude reduction is presynaptic in origin, because the sEPSC amplitude is unaffected by galanin. Galanin has been shown to depress electrically evoked [ 3 H]acetylcholine release from the myenteric plexus-longitudinal muscle preparation of guinea pig small intestine (Yau et al. 1986 ).
The presynaptic effects of galanin, i.e., sEPSC frequency increase and EPSC amplitude decrease, were mimicked by the GalR2/R3 agonist galanin 2-11 [this drug is also known as AR-M1896 and was used as a selective GalR2 agonist by Alier et al. (2008) , but it also binds to GalR3; see Hökfelt 2005], indicating an involvement of GalR2/R3. This result may be consistent with the presence of GalR2 and GalR3 mRNAs in the rat spinal cord and DRG (O'Donnell et al. 1999; Waters and Krause 2000) . Alier et al. (2008) have reported that galanin 2-11 dominantly increases the inter-event interval of sEPSC (decreases sEPSC frequency). Although a reason for the discrepancy between their study and our study is unknown, this may be due to a difference in the age of the rats used or distinct types of the neurons tested. The control sEPSC frequency in their study (0.9 Hz; see Fig. 4 in Alier et al. 2008 ) is smaller by about eightfold than that in the present study (about 7 Hz; see Fig. 2) . Alternatively, the discrepancy may be attributed to a difference in concentration of galanin 2-11 used; we used 0.03 M, whereas Alier et al. (2008) used 0.5 M. Since a specific agent of GalR2 or GalR3 was not available, we could not determine which type of the GalRs is involved in the presynaptic effect. It is very likely that this effect is mediated by Fig. 8. Galanin (0.1 M) did not affect the spontaneous and focally evoked (GABA ergic and glycinergic) inhibitory transmission in SG neurons. A: recordings of GABA ergic (a) or glycinergic (b) spontaneous inhibitory postsynaptic currents (sIPSCs) recorded in the absence and presence of galanin. B: average traces of 6 focally evoked consecutive GABAergic (a) or glycinergic (b) IPSCs recorded in the absence of galanin (control) and 4.5 min after the beginning of its superfusion. The IPSCs were evoked at 0.1 Hz in the presence of 6-cyano-7-nitroquinoxaline-2,3-dione (10 M) and DL-2-amino-5-phosphonovaleric acid (50 M). The GABAergic and glycinergic inhibitory transmissions were observed in the presence of the glycine receptor antagonist strychnine (1 M) and the GABA A receptor antagonist bicuculline (10 M), respectively. V H ϭ 0 mV. GalR2, rather than GalR3, because GalR2 appears to exist at a density higher than that of GalR3 in the adult rat (Mennicken et al. 2002; Waters and Krause 2000) .
The GalR1 agonist M617 produced an outward current similar to that of galanin, indicating an involvement of GalR1. This idea is supported by the presence of GalR1 protein and mRNA in the rat spinal superficial dorsal horn, which is not affected by dorsal rhizotomy or sciatic nerve axotomy (Brumovsky et al. 2006; Landry et al. 2006) . A similar outward current produced by M617 has been reported in locus coeruleus neurons (Lundström et al. 2005) . The involvement of different types of GalRs in the pre-and postsynaptic effects was consistent with the observation that these effects were different in the rate of recovery from desensitization in that the post-but not presynaptic effect of galanin was repetitive at an interval of 30 min. Moreover, when superfused for a long time, such as 5 min, the post-but not presynaptic effect of galanin persisted during its superfusion. Berger et al. (2004) have reported an observation similar to ours; repeated galanin administration resulted in a desensitization of a response in GalR2-expressing human SH-SY5Y neuroblastoma cells while exhibiting a magnitude similar to the response in GalR1-expressing ones. Although Alier et al. (2008) have reported that GalR1 and GalR2 activations have an effect on excitatory transmission in young adult rat SG neurons, the present study demonstrated for the first time that galanin at lower concentrations increases the spontaneous release of L-glutamate, whereas galanin at higher concentrations also produces an outward current, based on the concentration dependencies for the actions of galanin itself. It may be of interest to note that the pre-and postsynaptic effects of galanin had a tendency to be delayed in the onset than those of GalR agonists (see Figs. 1A, 4A and 6), although this onset was variable, probably owing to a distinction in the position of the patch-pipette electrode in the spinal cord slices. The delay may be due to a difference in the degradation and diffusion rate between galanin and GalR agonists. This issue remains to be further examined.
Although galanin decreased the release of GABA from the nerve terminals in the rat dorsal raphe nucleus (Sharkey et al. 2008) , GABAergic and glycinergic inhibitory transmission, which were spontaneously and electrically evoked in SG neurons, were not affected by galanin. The lack of an effect of galanin on spontaneous GABAergic transmission is consistent with the observation in rat subfornical organ neurons (Kai et al. 2006) .
Effect of galanin on holding currents. Although cellular mechanisms for the change in holding currents produced by galanin were not examined in the present study, Alier et al. (2008) have reported that GalR1 activation increases inwardly rectifying membrane conductance, whereas GalR2 activation produces an increase or decrease in outwardly rectifying membrane conductance, in young adult rat SG neurons. The modulation by galanin of ion channels in postsynaptic neurons appears to be complex. Galanin reduces a suite of K ϩ currents, including Ca 2ϩ -activated K ϩ , delayed-rectifier K ϩ , and transient outward K ϩ channel currents in rat cholinergic basal forebrain neurons (Jhamandas et al. 2002) . Opening of K ϩ channels and the inhibition of voltage-gated Ca 2ϩ channels by galanin have been shown in guinea pig myenteric and mudpuppy parasympathetic neurons (Parsons et al. 1998; Tamura et al. 1988 ). The EC 50 value (35 nM) for galanin in producing inwardly rectifying K ϩ currents in the parasympathetic neurons (Parsons et al. 1998 ) was close to that (44 nM) for the outward currents in adult rat SG neurons. It remains to be examined which types of channels are involved in the outward and inward currents in adult rat SG neurons.
Effect of galanin on L-glutamate release from nerve terminals. The increase in the spontaneous release of L-glutamate to SG neurons from the nerve terminals produced by galanin disappeared in a Ca 2ϩ -free or voltage-gated Ca 2ϩ channel blocker La 3ϩ -containing Krebs solution, where the La 3ϩ concentration (30 M) used was enough to block voltage-gated Ca 2ϩ channels in rat DRG neurons (see Gu and MacDermott 1997) . These results indicate that this galanin effect is due to an increase in Ca 2ϩ entry through the voltagegated Ca 2ϩ channels from the extracellular side, and thus in intraterminal Ca 2ϩ concentration. Galanin increases spontaneous L-glutamate release while decreasing the evoked release of L-glutamate to SG neurons from primary afferent terminals. This effect of galanin on evoked release may be consistent with the observation that galanin inhibits the dihydropyridine-sensitive Ca 2ϩ channel currents in RIN cells derived from a rat insulinoma (Homaidan et al. 1991) . These actions of galanin on spontaneous and evoked releases are not necessarily contradictory to each other. The spontaneous release onto SG neurons originates from the terminals of glutamatergic interneurons in the spinal dorsal horn and of primary afferent neurons. The spontaneous release of L-glutamate from the former rather than the latter terminals predominantly produces sEPSCs in SG neurons (Yang and Li 2001) . There may be different types of GalRs between the interneuron and primary afferent terminals. Alternatively, electrically evoked L-glutamate release may be modulated by galanin in a manner different from that of spontaneous release. The galanin-induced reduction in electrically evoked L-glutamate release from the C-fiber terminals appears not to be explained by a modulation of voltage-gated Ca 2ϩ channels, because high-voltage-activated Ca 2ϩ channel currents in small-sized adult rat DRG neurons are not decreased but increased in amplitude by galanin and galanin 2-11 (Kerekes et al. 2003) . Another possibility that cannot be ruled out is that the increase by GalR2/R3 activation in the spontaneous release of L-glutamate from the central terminals of primary afferent neurons leads to elevated L-glutamate levels, which in turn activate inhibitory presynaptic metabotropic glutamate receptors that inhibit primary afferent-evoked L-glutamate release, as shown at guinea pig hippocampal mossy fiber synapses (Scanziani et al. 1997 ; for review see Cartmell and Schoepp 2000) . This idea is supported by the expression of metabotropic glutamate receptors in rat DRG neurons (Carlton and Hargett 2007) . A similar discrepancy between spontaneous and evoked excitatory transmissions has been seen in the actions of the -opioid receptor agonist DAMGO (Kohno et al. 1999) , anandamide (Luo et al. 2002a) , and norepinephrine (Kawasaki et al. 2003) in SG neurons. It remains to be examined whether there is a difference in concentration dependency and desensitization between the effects of galanin on spontaneous and evoked L-glutamate releases.
Since Alier et al. (2008) stimulated the dorsal root entry zone to evoke excitatory transmission, it was unknown to which extent each of the excitatory transmissions through primary afferent A␦-and C-fibers in SG neurons are affected by galanin. The current study revealed for the first time that galanin inhibits A␦-fiber more effectively than C-fiber transmissions. There are two possible explanations for this result. One is that GalR2/R3s are more densely expressed in the A␦-fiber than in C-fiber terminals in the spinal dorsal horn, although this idea may be inconsistent with the observation that adult rat small-to medium-sized DRG neurons have higher levels of GalR2 mRNAs than large ones (Kerekes et al. 2003; O'Donnell et al. 1999) . A similar explanation is given for the action of the TRPV1 channel agonist capsaicin. The inhibition by capsaicin of the dorsal root-evoked monosynaptic C-fiber but not A␦-fiber excitatory transmission in SG neurons has been attributed to the presence of TRPV1 channels in the primary afferent C-fiber but not the A␦-fiber central terminals (Yang et al. 1999 ). The other is that there are different types of GalRs in each of the A␦-fiber and C-fiber terminals. This idea remains to be examined by using specific agents regarding GalR2 and GalR3. The action of galanin on primary afferent transmission was the same as those of anandamide (Luo et al. 2002a ) and norepinephrine (Kawasaki et al. 2003 ) while differing from those of baclofen and nociceptin (Luo et al. 2002b) in that the A␦-fiber transmission was more sensitive than the C-fiber one, and also from that of adenosine (Lao et al. 2004) in that the A␦-fiber and C-fiber transmissions had comparable sensitivities. It is suggested that galanin, as well as anandamide and norepinephrine, may inhibit fast-conducting pain transmission more effectively than slow-conducting pain transmission.
The EC 50 value (2.0 nM) for galanin in increasing spontaneous L-glutamate release was much smaller than that (44 nM) for outward current production; they were mediated by GalR2/R3 and GalR1, respectively. On the other hand, the binding affinity of GalRs for galanin was in the order of GalR1 Ͼ GalR2 Ͼ GalR3 (Branchek et al. 2000; Florén et al. 2000) , which was different from that of the EC 50 values. This may be due to a distinction in intracellular cascades subsequent to GalR activation (see Liu and Hökfelt 2002) between transmitter release and membrane channel activation. This idea may be supported by the observation that human SH-SY5Y neuroblastoma cells expressing GalR2 were four times more effective in increasing the extracellular acidification rate than those having GalR1 (EC 50 values: 1.2 and 4.9 nM, respectively; Berger et al. 2004 ). This issue remains to be examined.
Physiological significance of the effect of galanin on synaptic transmission in SG neurons. The increase in spontaneous L-glutamate release produced by galanin is an action opposite to that of endogenous neuropeptides, such as endomorphins (Fujita and Kumamoto 2006; Wu et al. 2003 ) and nociceptin (Liebel et al. 1997; Luo et al. 2002b) , and adenosine (Lao et al. 2001; Li and Perl 1994) , all of which are thought to act as analgesics at the spinal cord level (for review see Fürst 1999 ). On the other hand, the decrease in evoked L-glutamate release from primary afferent fibers and the outward current (hyperpolarization) produced by galanin are the same as those of norepinephrine (Kawasaki et al. 2003; North and Yoshimura 1984) , opioids (Fujita and Kumamoto 2006; Kohno et al. 1999; Yoshimura and North 1983) , nociceptin (Luo et al. , 2002b , and adenosine (Lao et al. 2004; Liu et al. 2004) . Considering that the sensory processing within the SG plays a pivotal role in regulating nociceptive transmission (Willis and Coggeshall 1991) , the changes in synaptic transmission in SG neurons produced by galanin may play a role in the modulation of nociception. Thus the spontaneous L-glutamate release enhancement produced by galanin may contribute to nociception, whereas the evoked L-glutamate release decrement and hyperpolarization produced by galanin may result in antinociception. The nociceptive and antinociceptive actions are, respectively, produced through GalR2/R3 activation, possibly in glutamatergic interneuron terminals, by galanin at lower concentrations, and through GalR1 activation in SG neurons by galanin at higher concentrations. Consistent with this idea, it has been reported that the intrathecal administration of galanin produces a biphasic modulation of nociceptive transmission, such as nociception at lower doses and antinociception at higher doses (Liu et al. 2001; Wiesenfeld-Hallin et al. 1989 ). The behavioral nociceptive and antinociceptive actions have been suggested to be mediated by GalR2 and GalR1, respectively (Liu et al. 2001; Liu and Hökfelt 2002) . On the other hand, this behavioral result about GalR2-mediated nociception was inconsistent with the decrease in L-glutamate release evoked from primary afferent fibers, produced by GalR2/R3 activation. This discrepancy remains to be examined. Although a change in inhibitory synaptic transmission may be involved in the modulation of nociceptive transmission by galanin, this seems to be unlikely, because galanin does not affect GABAergic and glycinergic inhibitory transmission in SG neurons.
The SG is composed of a heterogeneous group of excitatory and inhibitory neurons (Grudt and Perl 2002) . Since GalR1 appears to be expressed in glutamatergic but not GABAergic interneurons in the rat spinal dorsal horn (Landry et al. 2006) , the activation of this receptor may result in inhibiting the activity of excitatory neurons in the SG. To understand in detail the role of galanin in regulating nociceptive transmission, it would be necessary to examine the action of galanin on synaptic transmission in immunohistochemically identified SG neurons.
Conclusion. Galanin at lower concentrations enhances the spontaneous release of L-glutamate onto SG neurons from nerve terminals by activating GalR2/R3, whereas galanin at higher concentrations also produces a membrane hyperpolarization by activating GalR1 in SG neurons. The former, but not latter, action was fast in desensitization and slow in recovery from desensitization. Moreover, galanin reduces L-glutamateevoked release onto SG neurons from primary afferent fibers by activating GalR2/R3; the A␦-fiber transmission is more sensitive to galanin than the C-fiber transmission. These effects could contribute to at least a part of the behavioral effect of galanin.
